The papillomavirus capsid mediates binding to the cell surface and passage of the virion to the perinuclear region during infection. To better understand how the virus traffics across the cell, we sought to identify cellular proteins that bind to the minor capsid protein L2. We have identified syntaxin 18 as a protein that interacts with bovine papillomavirus type 1 (BPV1) L2. Syntaxin 18 is a target membrane-associated soluble N-ethylmaleimide-sensitive factor-attachment protein receptor (tSNARE) that resides in the endoplasmic reticulum (ER). The ectopic expression of FLAG-tagged syntaxin 18, which disrupts ER trafficking, blocked BPV1 pseudovirion infection. Furthermore, the expression of FLAG-syntaxin 18 prevented the passage of BPV1 pseudovirions to the perinuclear region that is consistent with the ER. Genetic studies identified a highly conserved L2 domain, DKILK, comprising residues 40 to 44 that mediated BPV1 trafficking through the ER during infection via an interaction with the tSNARE syntaxin 18. Mutations within the DKILK motif of L2 that did not significantly impact virion morphogenesis or binding at the cell surface prevented the L2 interaction with syntaxin 18 and disrupted BPV1 infection.
Papillomaviruses (PVs) have been identified as the causative agents of lesions in squamous epithelial cells of many organisms, primarily higher vertebrates (4) . These species-specific viruses infect cutaneous and mucosal surface squamous epithelial cells. Bovine papillomavirus type 1 (BPV1) has been studied extensively since the early 1980s and has served as the prototype for many virus-host cell interaction studies involving the papillomaviruses (5, 12, 14, 39, 41, 51) . Infection begins with binding of the virus to the surface of the cell, and the ␣ 2 ␤4 integrin complex has been suggested as a potential receptor for the virus (27) . A recent study demonstrated the colocalization of papillomavirus virus-like particles with the clathrin adaptor molecule AP-2 and with the transferrin receptor, a marker of late endosomes and lysosomes, indicating that papillomaviruses internalize via clathrin-coated vesicles (8) . The events that are necessary for uncoating of the virus and for viral DNA entry into the nucleus have not been well defined. The kinetics of infection are such that internalization occurs with a half-life of 4 h, and the transcription of viral packaged DNA occurs after 12 h (8) .
Two structural viral proteins form the nonenveloped icosahedral capsid at a ratio of approximately 30:1 L1 to L2, and they mediate the delivery of the histone-bound ϳ8-kb doublestranded circular papillomavirus genome to the nucleus during infection (11, 45) . The L1/L2 ratio suggests that there is one L2 at each of 12 vertices of the 55-nm-diameter particles (45) . The major capsid protein L1 is sufficient to form virus-like particles that morphologically and immunologically resemble the native virion (10, 23, 24, 40) . The coassembly of L2 into virus-like particles enhances both the ability to package DNA and the ability to mediate infection (38, 39, 51) . Conversely, specific mutations in L2 result in noninfectious particles without affecting viral packaging (38) .
L2 interacts with the viral coat protein L1 as well as with the E2 nonstructural regulatory protein, which is involved in viral DNA replication, viral transcription, and viral genome maintenance (9, 34) . These interactions result in the relocation of L1 and E2 to nuclear domains 10 (ND10s) (9) . L2 sequences at residues 390 to 420 are needed to localize L2 at ND10 (2) . The significance of the ND10 relocation is currently uncertain, but data show that ND10s enhance papillomavirus transcription and infection (7, 9, 49) . Additionally, L2 has two nuclear localization signals and a DNA binding domain that may have roles in translocating the genome to the nucleus during infection and/or in the recruitment of PV DNA to the viral capsid during assembly (7, 13, 28, 43, 52) .
Syntaxin 18 is a member of the SNAP (soluble N-ethylmaleimide-sensitive factor-attachment protein) receptor family whose role is to traffic vesicles within the cell into or out of the endoplasmic reticulum (ER) (18, 44) . Syntaxin 18 is primarily found with an immunofluorescent pattern overlapping that of calnexin (ER marker) rather than that of ERGIC53 (ER-Golgi intermediate compartment marker) or GM130 (cis-Golgi protein). Syntaxin 18 was discovered in a yeast two-hybrid screen designed to identify binding partners of ␣-SNAP (18) . Syntaxin 18 has a C-terminal transmembrane domain responsible for anchoring it within the ER and a SNARE (SNAP receptor) domain that binds SNARE domains on other membrane proteins to form a core fusion complex. Although the presence of an N-terminal bundle comprising three helices is well known for syntaxin 1, and perhaps for syntaxin 5, there are no obvious coiled coil structures in the N-terminal region of syntaxin 18 (44) . Fractionation experiments have determined that the majority of syntaxin 18 is found in the ER (18) . The expression of FLAG-syntaxin 18 causes aggregation of the ER and disrupts vesicle trafficking into or out of the ER with no obvious changes to the mitochondria, lysosomes, or peroxisomes (18) . Indeed, FLAG-syntaxin 18 overexpression prevents the export of vesicular stomatitis virus glycoprotein-green fluorescent protein (GFP) from the ER to the Golgi yet has no effect upon the localization of the endosomal marker EEA1 or upon the uptake of transferrin (18) .
In this study, we describe the interaction of BPV1 L2 with syntaxin 18 and report the L2-mediated translocation of BPV1 pseudovirions to the ER following infection. We have identified a conserved motif in the L2 protein that is required for binding syntaxin 18. We show that L2 mutant proteins defective in syntaxin 18 binding and ER vesicle trafficking generate infection-deficient pseudovirions.
MATERIALS AND METHODS
Cells, antibodies, and DNA constructs. COS-7 cells (American Type Culture Collection) and 293T cells were grown in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Anti-hemagglutinin (HA)-conjugated beads, anti-FLAG-conjugated beads, the mouse anti-FLAG M2 antibody, and the FLAG peptide were purchased from Sigma (St. Louis, Mo.). The mouse anti-promyelocytic leukemia protein (PML) antibody PG-M3 was purchased from Santa Cruz (Santa Cruz, Calif.). The rabbit anti-L2 antibody BL2, mouse anti-L2 antibody C6, mouse anti-L1 antibody 5B6, mouse anti-syntaxin 18 antibody 1E1, rabbit anti-syntaxin 18, pFLAG-syntaxin 18 DNA, and human BPV L2 (hBPV L2) have been previously described (3, 18, 20, 26, 41, 50) . The ECTAP plasmid used for tandem affinity purification was made by inserting the Kozak sequence, the FLAG epitope, and two HA epitopes into Ad-TrakCMV at BglII and SalI sites (19) . ECTAP BPV1 L2 was made by cloning L2 from hBPVL2 into ECTAP, downstream and in frame with the HA and FLAG epitopes at KpnI and SalI sites. Single-residue mutants were generated by PCR according to standard techniques (42) . The deletion mutants were cloned by using standard techniques; an EcoRI site was introduced at the newly formed junction and cloned into vector pcDNA3.1 (Invitrogen, Carlsbad, Calif.).
Transfections and infections. Transfections were performed by the use of Fugene 6 per the manufacturer's suggestions (Roche, Basel, Switzerland). Briefly, the ratio of Fugene 6 to DNA was 11 l:5 g in 250 l of serum-free Dulbecco's modified Eagle's medium. Fugene 6 was incubated with the medium for 15 min at room temperature prior to the addition of DNA and then incubated at room temperature for an additional 15 min. The transfection mix was added to cells dropwise, and cells were incubated overnight at 37°C with 5% CO 2 . Pseudovirion infections were performed by incubating cells grown on coverslips to 60% confluence with pseudovirions at a multiplicity of infection of Ͼ10 for 2 h at 4°C followed by incubation at 37°C with 5% CO 2 for the described length of time.
Identification of interacting proteins. Tandem affinity purification (TAP) was performed as previously described (33, 48) , with the following changes. COS-7 cells at 60% confluence were transfected at Ͼ70% efficiency with ECTAP BPV1L2 or the ECTAP control plasmid. Transfection was visualized with fluorescein isothiocyanate fluorescence to detect the expression of GFP. ECTAP expresses only GFP, while ECTAP BPV1 L2 coexpresses HA/FLAG-tagged L2 and GFP from different cassettes. The cells were harvested after 24 h, resuspended in hypotonic buffer (10 mM Tris-HCl, pH 7.3, 10 mM KCl, 1.5 mM Lysates were clarified by centrifugation (12,000 ϫ g, 20 min, 4°C), and 10 mg of extract was run through one round of FLAG epitope immunoprecipitation with 100 l of anti-FLAG-conjugated beads and eluted with the FLAG peptide at 0.25 mg/ml, followed by one round of anti-HA immunoprecipitation with 7.5 l of anti-HA-conjugated beads. Samples were eluted from anti-HA-conjugated beads with 30 l of 100 mM glycine-HCl (pH 2.5) neutralized with 5 l Tris-HCl, pH 7.5, mixed 1:1 with 2ϫ Laemmli buffer, boiled for 3 min, and subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% SDS-PAGE). Proteins in the gel were visualized with freshly made Coomassie stain. Bands of interest were analyzed by matrix-assisted laser desorption ionizationtime of flight protein fingerprinting (Proteomics Core Facility of the Genomics Institute and the Abramson Cancer Center, University of Pennsylvania, Philadelphia, Pa.).
Immunoprecipitation. Transfected COS-7 cells from a 10-cm 2 dish were harvested in 200 l RIPA buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 160 mM NaCl, 10 mM Tris-HCl, pH 7.4, 5 mM EDTA), incubated on ice for 20 min, and clarified by centrifugation (16,000 ϫ g, 5 min, 4°C). Coimmunoprecipitation was performed by incubating 100 l of FLAG-syntaxin 18-transfected extract, 100 l of L2 (or vector)-transfected extract, 25 l of protein A/G (50/50) beads (Amersham Biosciences, Piscataway, N.J.), the corresponding antibody, and 375 l of IP buffer (20 mM Tris-HCl, pH 8.0, 10% glycerol, 5 mM MgCl 2 , 0.1% Tween 20, 0.1 M KCl, 1ϫ protease inhibitor cocktail [Amersham Biosciences], and 0.5 mM dithiothreitol) for a total volume of 600 l. An antibody to L2, syntaxin 18, or FLAG was used at 1:200, and the protein A/G beads were equilibrated by three washes with IP buffer. The samples were incubated overnight at 4°C with gentle rocking. The next morning, the samples were washed three times with IP buffer, resuspended in 40 l of 2ϫ SDSLaemmli buffer, and subjected to 10% SDS-PAGE.
Western blots. After transfer to nitrocellulose, blots were blocked in 5% Carnation milk. The primary antibodies were incubated for 3 h in TNET (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100), followed by 30 min of incubation with horseradish peroxidase-conjugated secondary antibodies (Amersham). The blot was then visualized by enhanced chemiluminescence (Amersham). The blots were washed three times in TNET for 5 min between the different steps. Primary antibodies were used at a 1:1,000 dilution.
Immunofluorescence. Cells that were transfected or infected on coverslips were fixed in 100% methanol for 5 min at Ϫ20°C at 24 h posttransfection. Antibody working dilutions were as follows: mouse anti-syntaxin 18 1E1, 1:50; mouse-anti L2 C6, 1:100; mouse anti-FLAG M2, 1:100; mouse anti-PML PG-M3, 1:100; rabbit anti-syntaxin 18, 1:50; and rabbit anti-L2 BL2, 1:500. Cells were permeabilized in immunofluorescence buffer (0.2% fish skin gelatin, 0.2% Triton X-100 in phosphate-buffered saline [PBS]) for 5 min, followed by a 1-h incubation in immunofluorescence buffer with primary antibodies. Cells were washed three times in PBS. Fluorescently labeled Alexa fluor anti-rabbit 594, anti-mouse 488, and anti-mouse 647 (Molecular Probes, Eugene, Oreg.) were used as secondary antibodies in a 30-min incubation. Coverslips were washed in PBS and mounted on glass slides by the use of Prolong antifade mounting medium (Molecular Probes) Ϯ 0.5 M DAPI (4Ј,6Ј-diamidino-2-phenylindole) for nuclear staining (Pierce, Rockford, Ill.). All steps were performed at room temperature. Fluorescence microscopy was performed with a Zeiss Axioskop 2 microscope with Zeiss Axiovision software (Zeiss, Thornwood, N.Y.), and confocal microscopy was performed with a Leica TCSNT microscope with Leica TCSNT software (Leica, Northvale, N.J.).
Transmission electron microscopy. Cell entry and intracellular trafficking of BPV pseudovirions were assessed with infected cells as described above by transmission electron microscopy (TEM) as described previously (47) .
Pseudovirion production and titers. Titer analysis and the production of BPV pseudovirions containing BPV1 packaging enhancing sequences and the GFP marker were performed as previously described (6) . The generation of secreted alkaline phosphatase (SEAP) pseudovirions was done as described above, and an assay for infection was performed as described previously (35) .
RESULTS
TAP identification of syntaxin 18 as an L2-interacting protein. To identify cellular proteins that interact with hBPV1 L2, we cloned a codon-modified version with improved expression in mammalian cells in frame 3Ј of one copy of the FLAG epitope and two copies of the HA epitope to generate ECTAP BPV1L2. The addition of the tags to L2 did not affect its ability to colocalize with PML (an ND10 marker) (7, 9, 49) . Figure 1A shows a COS-7 cell transfected with ECTAP BPV1L2. The left panel shows staining for BPV1 L2, the middle panel shows staining for PML (clone PG-M3), and the merged image (right panel) shows the colocalization of both signals (Fig. 1A) . We were unable to establish cell lines that maintained stable expression of the tagged L2 protein. Therefore, COS-7 cells were transfected with the ECTAP BPV1L2 plasmid and incubated overnight, and lysates were prepared for TAP. TAP was performed on 10 mg of protein lysate from ECTAP BPV1L2-transfected COS-7 cells and from control ECTAP transfections. Immunoprecipitates were separated by SDS-PAGE, and the proteins were visualized by Coomassie blue staining (Fig.  1B) . Several protein bands were identified from the ECTAP BPV1L2-transfected cells, whereas none were visualized in immunoprecipitates from extracts of ECTAP vector-transfected cells (Fig. 1B, lanes 1 and 3) . Three proteins were identified by matrix-assisted laser desorption ionization-time of flight protein fingerprinting, namely, BPV1 L2, actin, and syntaxin 18 (Fig. 1B, lane 1, arrows 1, 2, and 3 , respectively). The interaction with actin has been previously described and shown to be critical for infection (47) . The peptides identifying syntaxin 18 corresponded to three distinct regions of the protein, as shown in bold in Fig. 1C .
BPV1 L2 coimmunoprecipitates with syntaxin 18 and colocalizes with syntaxin 18 in the ER. L2 contains two nuclear localization signals, and its C-terminal domain is needed to localize with PML in ND10s (1, 2). Since syntaxin 18 is an ER-resident protein, its coimmunoprecipitation with L2 was unexpected. We confirmed the interaction by coimmunoprecipitation experiments and by immunofluorescence colocalization. COS-7 cells were transfected for 24 h with untagged full-length L2 (hBPV1L2) and FLAG-syntaxin 18, either together or alone ( Fig. 2A) . RIPA extracts were immunoprecipitated with mouse anti-FLAG M2 as described above and then analyzed by SDS-PAGE. Western blotting was performed with an anti-BPV1 L2 monoclonal antibody (clone C6) ( Fig. 2A,  upper panel) and an anti-syntaxin 18 rabbit antibody ( Fig. 2A,  lower panel) . The M2 antibody coimmunoprecipitated FLAGsyntaxin 18 and L2 when cells were cotransfected ( Fig. 2A, lane  1) , and as expected, it immunoprecipitated FLAG-syntaxin 18 when cells were transfected with this protein alone (Fig. 2A,  lane 2) and was unable to immunoprecipitate L2 in the absence of FLAG-syntaxin 18 ( Fig. 2A, lane 3) . Confocal microscopy analysis of COS-7 cells cotransfected with hBPV1 L2 and FLAG-syntaxin 18 confirmed their interaction at 24 h posttransfection (Fig. 2B to D) . Untagged BPV1 L2 stained with rabbit anti-BPV1 L2 (Fig. 2B) and FLAG-syntaxin 18 stained with the mouse anti-FLAG M2 antibody (Fig. 2C) had overlapping immunofluorescence (Fig. 2D, merged image) . Addi- (Fig. 2F ) in the perinuclear region of transfected COS-7 cells (Fig. 2G, merged image) . In previous studies, the first 88 residues of L2 were shown to play a critical role in BPV1 infection (46, 47) . To determine if this region is involved in binding to syntaxin 18, we constructed the hBPV1 L2 deletion mutants L2 ⌬30-90 and L2 ⌬60-90. L2 deletion mutant constructs were cotransfected with FLAGsyntaxin 18 into COS-7 cells and analyzed by confocal microscopy. L2 constructs were stained with the C6 antibody, and FLAG-syntaxin 18 was stained with the M2 antibody as described above. L2 ⌬30-90 (Fig. 3A) entered the nucleus but did not overlap with FLAG-syntaxin 18 ( Fig. 3B and C) . L2 ⌬60-90 (Fig. 3D) entered the nucleus and overlapped with FLAGsyntaxin 18 ( Fig. 3E and F) . We confirmed the lack of interaction of L2 ⌬30-90 and the interaction of L2 ⌬60-90 with syntaxin 18 by coimmunoprecipitation experiments. RIPA extracts from COS-7 cells transfected for 24 h with FLAG-syntaxin 18 alone or with the various L2s were immunoprecipitated with the anti-BPV1 L2 C6 antibody (Fig. 3G) . Western analysis of L2 with rabbit anti-BPV1 L2 (Fig. 3G, upper panel) showed that the mutant proteins were expressed and immunoprecipitated the same as the wild type. Consecutive blotting of the membrane with the anti-FLAG M2 antibody confirmed that L2 ⌬30-90 did not interact with FLAG-syntaxin 18 (Fig.  3G, lane 2) , whereas L2 ⌬60-90 (Fig. 3G, lane 3) interacted with FLAG-syntaxin 18, although less well than hBPV1 L2 (Fig. 3G, lane 4) .
L2 residues 30 to 90 are necessary for infection but not viral assembly. L2 plays a role in both DNA encapsidation and infectivity, and thus we addressed the possible functional roles of L2 residues 30 to 90 in virion assembly or infection. We attempted to generate BPV1 pseudovirions with the L2 ⌬30-90 and L2 ⌬60-90 deletion mutants (38, 39, 51) . We cotransfected codon-modified BPV1 L1, hBPV1 L2 (or the L2 ⌬30-90 or L2 ⌬60-90 mutant), and a reporter construct (green fluorescent protein or the enzymatic reporter gene SEAP) and tested them for reporter encapsidation and infection as described previously (6). Transmission electron microscopy confirmed the presence of well-formed, apparently full, 55-nm virion particles generated with L2 ⌬30-90 (Fig. 4A ) and L2 ⌬60-90 (Fig. 4B ) compared to full-length L2 (Fig. 4C) . Each of the mutant L2 proteins copurified with L1 on a Nycodenz step gradient, as did the wild-type L2 protein from the pseudovirion preparations (Fig. 4D, lane 1 We next analyzed the infectious titers of the pseudovirions generated with L2 ⌬30-90 and L2 ⌬60-90 compared to that with wild-type L2 by GFP transduction (Fig. 4E) . To test for the presence of encapsidated reporter DNA within the Benzonase-treated pseudovirions, we performed quantitative PCRs on DNA extracts from each preparation. Nearly equivalent reporter DNA packaging was observed upon coexpression of BPV1 L1 with all L2 constructs. Although the levels of encapsidated minigenomes were not statistically significant compared to the wild-type level, pseudovirions generated with L2 ⌬30-90 (Fig. 4E, panel 1) were completely noninfectious, whereas pseudovirions generated with L2 ⌬60-90 (Fig. 4E,  panel 2 ) had a 60-fold reduction compared to wild-type L2 (Fig. 4E, panel 3 and bottom panel) .
Fine mapping of L2 residues necessary for syntaxin 18 interaction and infectivity. The difference in infectious titers was so dramatic between mutants that we constructed L2 mutants with deletions along residues 30 to 90 as well as single-residue mutants with conserved residues (Table 1) . We found a direct correlation between infection and coimmunoprecipitation with syntaxin 18 (Table 1) . Not surprisingly, the pseudovirions generated with the various L2 mutants contained similar numbers of genomes. Our first observation was that L2 mutants with a deletion of residues 31 to 44 or 41 to 54 were unable to coimmunoprecipitate with syntaxin 18, and pseudovirions generated with these constructs were noninfectious (Table 1, constructs ⌬31-44 and ⌬41-54). Wild-type levels of infectivity were observed with pseudovirions generated from the deletion mutant L2 ⌬51-64 and the L2 point mutants E34A and D36A. BPV1 pseudovirions generated with the L2 ⌬61-74 mutant had a 60-fold increase in the particle-to-infectivity ratio. Pseudovirions generated with the L2 ⌬74-90 mutant had a 22-fold reduction in infectivity. BPV1 pseudovirions generated with the L2 point mutant D40A exhibited a 2,285-fold decrease in infectivity compared to the wild type. The loss of infectivity by pseudovirions generated with the L2 mutants ⌬31-44, ⌬41-54, and D40A led us to focus on a highly conserved stretch from residues 40 to 44 among PV L2s. We replaced L2 residues 41-KILK-44 with ANS and saw a loss of the syntaxin 18 interaction, and pseudovirions generated with L2ANS were noninfectious ( Table 1, 
ANS).
Noninfectious pseudovirions attach to and enter the cell. To determine the subcellular localization of the block to pseudovirion infectivity, we examined cells infected with pseudovirions generated with the various L2 mutants by indirect fluorescence microscopy. Although the incubation of COS-7 cells with the noninfectious pseudovirions L2 ⌬30-90 Infected cells fluoresced green due to GFP transduction. The levels of genome encapsidation, particle-to-infectivity ratios, and infectious units per ml were determined and are summarized in the bottom panel. (Fig. 5A ), L2 ⌬31-44 (Fig. 5B) , L2 ⌬41-54 (Fig. 5C ), L2 D40A (Fig. 5D ), and L2ANS (Fig. 5E ) did not show any GFP-transduced cells, staining with the 5B6 antibody did show that these pseudovirions were able to attach and remain attached to cells for up to 24 h (arrows in Fig. 5A to E). COS-7 cells in the absence of pseudovirus lacked the punctate pseudovirion fluorescence seen with 5B6 (Fig. 5F ). Disruption of ER trafficking with FLAG-syntaxin 18 prevents BPV1 infection. The ectopic expression of FLAG-syntaxin 18 results in its acting as a dominant negative inhibitor of trafficking into and out of the ER (18) . We therefore examined whether FLAG-syntaxin 18 expression would disrupt BPV1 infection. The FLAG-syntaxin 18 expression construct was transfected into cells 12 h prior to infection with BPV1 hBPV1 L2-generated pseudovirions carrying minigenomes that expressed either GFP or secreted alkaline phosphatase. The infections were compared to similar infections on vector-transfected cells (Fig. 6) . FLAG-syntaxin 18 expression (Fig. 6A , red) resulted in a Ͼ60% drop in GFP transduction efficiency compared to that in vector-transfected cells (compare green cells in Fig. 6A and C) . In addition, we found no evidence of coexpression of FLAG-syntaxin 18 and GFP in the same cells. BPV1 pseudovirions, as visualized with the mouse antibody 5B6 (Fig. 6B and D , blue dots and arrow), remained trapped within the cell periphery in the FLAG-syntaxin 18 (Fig. 6B , red)-transfected cells 24 h after virus addition, whereas the virions were in the perinuclear region in vector-transfected cells (Fig. 6D) . Also, the expression of FLAG-syntaxin 18 resulted in a 70% reduction in infection, as determined by a bulk culture analysis of SEAP production (Fig. 6E) .
Visualization of infection pathway leading to the ER by TEM. The interaction of L2 with the ER resident syntaxin 18 suggested that PVs pass through the ER during infection. We therefore wanted to see whether we would find pseudovirion particles in the ER in infected cells. 293T cells grown on coverslips were incubated with BPV1 pseudovirions generated with hBPV1 L2 at 4°C for 2 h. The cells were warmed to 37°C (time zero), coverslips were fixed 5 min, 2 h, or 7 h later, and sections were prepared for TEM. Virions bound to the plasma membrane (Fig. 7A, star) and internalization were evident after 5 min (Fig. 7A, arrow) . Virions were seen within the cytoplasm in vesicles at 2 h (Fig. 7B, arrow) , and at 7 h, the membranes of vesicles filled with virions were observed fusing to the ER (Fig. 7C, arrow) . At the same time, virion-filled vesicles were found in the ER and some vesicles had dissolved, releasing the virions into the perinuclear region (Fig. 7D) .
DISCUSSION
The endocytosis of nonenveloped DNA viruses can be considered a two-step process involving penetration of the cell by virions, followed by their sorting into the appropriate cellular organelles. The primary goal of these viruses during endocytosis is to reach an environment where viral disassembly can occur and the genome is free to gain access to the nucleus. Nuclear translocation of the viral DNA is needed for replication and transcription of the viral genome. Most endocytosed material, including viruses, is engulfed in vesicles and sorted from the cell membrane into the endosomal-lysosomal compartments (30) . The low pH of these compartments often leads to viral disassembly and genome release. Recently, a pathway has been identified that shows the sorting of virions into the ER, where disassembly occurs (31, 36) . We have investigated the route of infection of papillomaviruses (PVs) and showed that the minor capsid L2 is involved in the sorting of viral particles into the ER, a step that is necessary for infection.
The PVs and polyomaviruses are grouped within one family based on criteria that include their size, their double-stranded DNA content, and their ability to replicate and assemble their virions in the nucleus (22) . Indeed, the family name "papovavirus" is a result of the grouping of the initial three members, i.e., rabbit papillomaviruses, mouse polyomavirus, and simian vacuolating virus (SV40). The penetration of cells by papovaviruses during early infection seems to be different: SV40 was shown to enter cells via caveolin-rich vesicles (37); polyomaviruses enter cells in nonclathrin-and noncaveola-derived vesicles (16, 17) ; and papillomaviruses enter cells in clathrincoated vesicles (8) . Yet regardless of these differences in initial vesicular entry, with the addition of the present results, trafficking of papovaviruses through the ER is emerging as a common step that is necessary for infection (15, 37) .
SV40 was shown to disassemble in the ER (31) , and it has been suggested that polyomaviruses do the same (15) , but the mechanisms of virion disassembly and DNA translocation remain unclear. Polyomaviruses reach the ER by 3 h after infection (29) , SV40 reaches the ER at 5 h (31), and we show that PV virions reach the ER at 7 h. The time variance may be dependent on the different initial steps of entry. Our electron microscopic analysis suggests that the membranes of PV virion-filled vesicles fuse with the ER membrane, releasing the viral particles into the ER.
It is reasonable to believe that the trafficking of virions within cells is mediated by corresponding capsid proteins. The role of the L2 minor capsid protein in PV during viral infection and viral production has remained elusive. With this study, we demonstrate that the minor capsid L2 has the ability to mediate the ER entry of BPV1 virions by its association with the tSNARE syntaxin 18. The observation that the tSNARE syntaxin 18 interacts with L2 was unexpected since PVs have not previously been shown to interact with the ER. We identified the highly conserved residues 40DKILK44 as being responsible for the interaction with syntaxin 18, and the only substitutions found in this region were replacements of lysine (K) with glutamine (Q) (i.e., DQ/KILQ/K), which are conservative changes. This motif was shown to be crucial for infection but not for viral production or binding of the virions to the cell membrane. Our hypothesis is that the L2 region encompassing residues 40 to 44 is on the surface of the virion, allowing for binding to syntaxin 18 during trafficking. In support of this, we were unable to coimmunoprecipitate L2 with syntaxin 18 containing a C-terminal deletion leading to a lack of the transmembrane domain (data not shown) (18) , suggesting that L2 may bind to the luminal portion of syntaxin 18, although more work needs to be done on the topology of this interaction.
The lack of infection of pseudovirions generated with L2 mutants unable to interact with syntaxin 18 and the observation of pseudovirions in the ER during infection led us to conclude that if virions are prevented from reaching the ER, then infection does not occur. In support of this conclusion, we were able to prevent the infection of wild-type L2 pseudovirions by the expression of dominant negative syntaxin 18 (FLAG-syntaxin 18). The expression of FLAG-syntaxin 18 disrupted vesicle trafficking into or out of the ER without affecting clathrinmediated endocytosis (18) . In these experiments, the trafficking of the virion was blocked in some as yet unidentified organelle in the cytoplasm outside the ER.
In summary, the data described in this study demonstrate that BPV1 L2 residues 40DKILK44 are critical for its association with syntaxin 18 and for the trafficking of BPV1 to the ER. The importance of this sequence in mediating infection and its high level of conservation among all L2s, including the oncogenic human papillomaviruses, suggest that this motif may represent an epitope for a broadly neutralizing antibody. Our data were obtained using pseudovirions generated in vitro, and although studies have shown similarities in viral infections with pseudovirions and wild-type virions, our studies need to be verified with wild-type virions. The finding of this identical sequence in numerous, diverse capsid/envelope proteins (e.g., picornavirus VP1 and VP2, blue tongue virus VP5, and human immunodeficiency virus Env) in membrane-exposed regions (21, 25, 32) leads to the hypothesis that it may be an important signal in infections by other nonenveloped and enveloped viruses.
